Abstract: Apolysulfide material was synthesized by the direct reaction of sulfur and d-limonene,b y-products of the petroleum and citrus industries,r espectively.T he resulting material was processed into functional coatings or molded into solid devices for the removal of palladium and mercury salts from water and soil. The binding of mercury(II) to the sulfurlimonene polysulfide resulted in acolor change.These properties motivate application in next-generation environmental remediation and mercury sensing.
The exploration of sustainable feedstocks is important in the synthesis of functional materials. [1] Herein, we report the utility of apolysulfide synthesized directly from two industrial by-products:s ulfur [2] and d-limonene [3] (Scheme 1). This study was inspired by classic reports on the reaction of sulfur and limonene, [4] theu se of limonene as ar enewable monomer, [5] and the recent and innovative applications of "inverse vulcanization" to access av ariety of advanced materials with high sulfur content. [6] We found that the sulfur-limonene polysulfide can be processed into coatings and solid devices that remove metal salts such as palladium-(II) and mercury(II) from water and soil. We also report the discovery of ac hromogenic response when the polysulfide is exposed to mercury(II). As sulfur is produced annually in excess of 60 million tons as ab y-product of petroleum refining [2] and more than 70 thousand tons of limonene are isolated each year from orange zest in the citrus industry, [3] the sulfur-limonene polysulfide is inexpensive-further motivating its use in metal sequestration, sensing,and environmental remediation.
As as tarting point, sulfur was melted (T > 120 8 8C) and then heated to 170 8 8C. Above 150 8 8C, SÀSb ond scission occurs, [7] thereby generating thiyl radicals that could add to limonene.A ne qual mass of limonene was added to the molten sulfur,w hich produced at wo-phase mixture that becomes as ingle,d ark red phase upon reaction. An equal mass of sulfur and limonene was chosen to maximize the content of both industrial by-products in the final material. 1 HNMR analysis of the reaction mixture indicated limonenes exocyclic alkene was consumed more rapidly than its endocyclic alkene,w ith complete consumption of all olefins within 90 min (see Figures S6-S8 in the Supporting Information). Little change was observed by 1 HNMR spectroscopy on further heating. Scheme 1. Synthesis and applicationso fasulfur-limonene polysulfide.
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Thee mergence of aromatic signals in the 1 HNMR spectrum indicated the oxidation of limonene.The conversion of limonene into p-cymene by reaction with sulfur has been reported, [8] but the complicated 1 HNMR signals between 6.9 and 7.6 ppm suggested other aromatic material was also present in the product (Scheme 2). Prolonged distillation of the product mixture allowed isolation of p-cymene as well as volatile thiol and sulfide by-products (see Figures S11 and S12 in the Supporting Information).
[8a] Good mass balance was observed, with the volatile fraction typically constituting 20 % of the product and the nonvolatile portion 80 %o ft he mass.
Cooling the nonvolatile component to room temperature produced ar ed waxlike material. Differential scanning calorimetry (DSC) revealed ag lass transition (T g )a tÀ21 8 8C and simultaneous thermal analysis (STA) indicated substantial thermal decomposition above 200 8 8C(see Figure S32 -S35 in the Supporting Information). Them aterial is insoluble in water, sparingly soluble in methanol, and fully soluble in dichloromethane,c hloroform, and tetrahydrofuran. Ab and with a l max = 420 nm was observed in the UV/Vis spectrum of as olution of the material in dichloromethane.C ombustion analysis revealed an elemental composition of 38.97 %C , 4.97 %H,and 56.6 %S,consistent with the high sulfur content envisioned for this product. Less than 4% of this sulfur was unreacted S 8 ,asdetermined by GC-MS (see Figures S16-S18 in the Supporting Information), thus indicating ah igh conversion in the reaction between sulfur and limonene.T he product was also optically active,which indicates that at least aportion of the product derived from limonene maintained its stereochemical integrity
Expecting ap olymeric product, the sulfur-limonene material was examined by size-exclusion chromatography (SEC). TheS EC trace of the sulfur-limonene material revealed ah igher molecular volume than limonene (see Figures S21 and S22 in the Supporting Information). Mass spectrometry,h owever,i ndicated al ower molecular weight product than expected. In this analysis,t he sulfur-limonene material was chemically ionized by coordination to silver(I) prior to infusion into the MS source. [9] Ac luster of signals from m/z = 495 to 886 was observed and assigned as [M + Ag]
+ ions,based on the doublets present for the two abundant isotopes of Ag (106.9 and 108.9 Da;s ee Figures S29-S31 in the Supporting Information). This result suggested that the mass range of the limonene-sulfur material that ionized under these conditions varied between 386 and 777 Da. Unlike recent reports of inverse vulcanization where sulfur is crosslinked with dienes, [6] the reaction of sulfur and limonene did not appear to form ah ighmolecular-weight polymer. Instead, the material is more appropriately described as alow-molecular-weight polysulfide.Raman spectroscopy of the material revealed ad ominant signal at 464 cm À1 ,which corresponds to various stretching modes of S À Sb onds, [10] and additional bands at 149, 215, 589, and 2918 cm À1 .F urther evidence for SÀSb onds was provided by the reaction of the material with LiAlH 4 .SEC and GC-MS analysis after the reaction with LiAlH 4 revealed ap roduct with al ower molecular weight, consistent with decomposition of SÀScross-links in the sulfur-limonene material (see Figures S23-S28 in the Supporting Information). This experiment illustrated that the polysulfide can be broken down by areducing agent. We also note that the STAanalysis mentioned previously is consistent with ap olysulfide structure,w here significant S À Ss cission occurs above 200 8 8C. Interestingly,t his thermal depolymerization proceeded similarly in both air and nitrogen, thus suggesting that the polysulfide is not prone to aerobic oxidation (see Figures S32-S34 in the Supporting Information).
Thes ulfur-limonene polysulfide can be synthesized on al arge scale.W eh ave prepared several kilograms of the material, typically in 50 and 100 gb atches.T he sulfurlimonene polysulfide can then be processed as ac oating or molded into ad esired shape.F or the former, the distillation step was omitted and the p-cymene and other volatile materials generated during the synthesis conveniently served as the solvent. Figure 1A shows the interior of af lask spin-coated at 70 8 8C. Heat, vacuum, or as tream of nitrogen was used to drive off the residual solvent. For molding, the sulfur-limonene polysulfide was melted (> 100 8 8C) and poured into as ilicone cast ( Figure 1B )o r glass petri dish ( Figure 1C ). In Figure 1C ,i tis notable that the polysulfide is transparent at athickness of 3mm.
We next assessed the ability of the polysulfide to sequester metals from water. Elemental sulfur has been used in mercury disposal, [11] but it is difficult to process into useful devices because of its high crystallinity.T he sulfur-limonene polysulfide,i nc ontrast, can be converted into ac oating or solid object (Figure 1 ). Should the polysulfide have ah igh affinity for metals,t his property would motivate applications in environmental remediation.
As as tarting point, the removal of palladium(II) from water was studied. Palladium is ap opular catalyst in organic 
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Chemie synthesis, [12] and its use in water leads to waste streams from which the metal must be removed. Palladium pollution from catalytic converter exhausts is another motivation for developing new sequestration technologies. [13] To test the affinity of the sulfur-limonene polysulfide for palladium, an aqueous solution of Na 2 PdCl 4 (0.35 mm)w as incubated on a2 8cm 2 plate of the polysulfide.The concentration of Na 2 PdCl 4 in the water was then monitored by UV/Vis spectroscopy. [14] In the event, the palladium concentration dropped rapidly over the first hour,with 42 %ofthe palladium removed from solution within 2h (see Figures S37 and S38 in the Supporting Information). After this time,the palladium binding appeared to reach equilibrium. Importantly,t his experiment demonstrated that the sulfur-limonene polysulfide could remove soft metal salts from water. Furthermore,acontrol experiment demonstrated that the sulfur-limonene polysulfide trapped palladium as quickly and effectively as elemental sulfur (see Figures S38 and S39 in the Supporting Information).
Encouraged by this preliminary result, we moved to sequestration studies of HgCl 2 .M ercury(II) exposure can result in acompromised immune system, kidney damage,and embryotoxic effects. [15] Therefore,e ffective and inexpensive technologies are needed to remove mercury(II) from the environment. [15a, 16] When an aqueous solution of HgCl 2 (10 mm)w as added to the surface of the polysulfide,t he result was as urprise:abright yellow deposit formed that remained immobilized on the polysulfide (Figure 2 ). The deposit typically appeared within 30 min and remained on the polysulfide,e ven after washing with water.R emarkably,t his deposit was only formed when the polysulfide was exposed to Hg 2+ .N oc olor change or deposit was observed when the polysulfide was treated with Li + ,Fe 3+ ,Ca 2+ ,Cu This result does not necessarily mean that the other metals did not bind to the polysulfide,but only that the color change is unique to mercury(II). Importantly,t his color change was not observed when S 8 was exposed to Hg 2+ under the same conditions (see Figure S43 in the Supporting Information), thus revealing another advantage of the sulfur-limonene polysulfide over elemental sulfur in metal sequestration.
Analyzing this yellow deposit by scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) spectroscopy revealed the presence of mercury (Figure 3 and see Figures S47-S63 in the Supporting Information). The polysulfide appeared to form rippled sheets and ridges upon exposure to Hg 2+ (Figure 3, bottom) . Them ost distinctive feature,h owever, was the formation of nano-and microparticles that adhered to the surface,even after washing with water ( Figure 3, bottom images) . These particles contained high levels of mercury,upto50wt% as determined by EDX analysis.I nterestingly,s everal of these particles penetrated the surface of the polysulfide (Figure 3 , bottom right)-likely the result of the high density of the mercury particles and the malleable nature of the polysulfide.Weanticipate this particle entrapment will be useful for the sequestration and disposal of inorganic mercury.
Motivated by these intriguing results,w eexamined how the polysulfide responded to Hg II in complex mixtures.W e spiked river water and as uspension of pond soil with ! 2mgmL À1 HgCl 2 .Remarkably,the same insoluble mercury deposit was formed on the polysulfide in both cases (see Figures S42-S44 in the Supporting Information). Fort he soil suspension, the silt and pond debris were removed by washing with water, while the yellow mercury deposit remained adhered to the polysulfide.T his result demonstrated that While mercury sensing is an obvious application of the polysulfides response to Hg II ,w en oted that the yellow deposit was only visible for Hg II concentrations of 1mm or higher (see Figure S45 in the Supporting Information). Therefore,r ather than use this chromogenic response to detect low levels of inorganic mercury,weenvision using it to indicate that at hreshold level of mercury has bound to the polysulfide.T his response could be used to monitor the lifetime of remediation devices made from the polysulfide.It is important to point out, however, that mercury binds to the polysulfide at lower concentrations,e ven when there is no chromogenic response.F or example,a na queous solution of 2000 ppb HgCl 2 was incubated on a2 8cm 2 plate of the polysulfide for 24 h. After this time,t he water was removed and analyzed by cold vapor atomic absorption spectroscopy. Afinal concentration of 910 ppb was measured, thus indicating approximately 55 %o ft he inorganic mercury was removed with as ingle treatment. While alternative,a nd highly effective,m ercury sensors [17] and adsorbents [18] have been reported, their deployment in environmental remediation is often limited due to the challenges and cost of their large-scale synthesis. [15a,16] We note that the sulfur-limonene polysulfide is comparatively inexpensive,e asy to produce on alarge scale,and displays auseful chromogenic response.
We envision using the polysulfide to remove inorganic mercury from water and soil at the site of contamination. Before the polysulfide can be deployed directly in natural waterways and ecosystems,h owever, an assessment of its toxicity must be completed. Initiating these studies,w e treated hepatic cell lines HepG2 and Huh7 with water that had been exposed to the sulfur-limonene polysulfide for 24 h. Even when this water made up 50 %o ft he culture medium, no difference in cell viability was observed between the treated cells and an egative control sample that was treated with pure,s terile water (see Figure S64 in the Supporting Information). This experiment indicates that the polysulfide does not release harmful materials into water, thus motivating further studies in soil and water remediation. These investigations are ongoing.
In conclusion, we have explored the properties of apolysulfide synthesized entirely from the industrial by-products sulfur and limonene.T he polysulfide is easy to synthesize on alarge scale and requires no exogenous reagents or solvents. Thepolysulfide removes Pd II and Hg II from water and soil and turns yellow when exposed to mercury(II). This response is selective for mercury,adiscovery that may find use in sensing applications.W ep lan to develop the sulfur-limonene polysulfide as an inexpensive material for environmental remediation, where it will be used to sequester toxic metals from complex mixtures.M ore generally,t his research is part of ag rowing effort to identify new and useful properties of materials with high sulfur content [6] and to synthesize them in an efficient and sustainable fashion. 
